Introduction
============

Central nervous system (CNS) tumors are characterized by certain recurrent molecular abnormalities. The WHO classification of CNS tumors[@b1-ott-12-2215] emphasizes the importance of molecular testing, the inclusion of which is obligatory in the final histopathological report for consequent clinical decision-making. The most commonly tested biomarkers in CNS tumors are 1p/19q co-deletion, *IDH1*/*IDH2* mutations, and methylation of the *MGMT* gene promoter. However, these alterations are not equivalent in terms of their impact on tumor classification, prognosis, and therapy.

Co-deletion of 1p/19q is considered a specific marker of oligodendrogliomas,[@b2-ott-12-2215] the presence of which is closely related to isocitrate dehydrogenase (*IDH*) mutations.[@b3-ott-12-2215] 1p/19q co-deletion is of strong prognostic and predictive significance, being associated with a better prognosis and response to chemotherapy with alkylating drugs[@b4-ott-12-2215] and chemoradiotherapy.[@b5-ott-12-2215] Fluorescence in situ hybridization (FISH) is most commonly used to determine 1p/19q status.[@b6-ott-12-2215]

IDH is one of the key enzymes in the citric acid cycle. *IDH* mutations alter the enzyme and its product, 2-hydroxglutarate, resulting in epigenetic changes in tumor cells.[@b7-ott-12-2215] *IDH* mutations are more common in WHO grade II and III tumors and in secondary gliomas after progression from a lower to higher grade, being relatively less common in de novo gliomas.[@b8-ott-12-2215],[@b9-ott-12-2215] *IDH1*/*2* mutations are also prognostic, being associated with a decreased risk of aggressive disease in invasive WHO II and III gliomas[@b10-ott-12-2215] and better responses to chemotherapy with alkylating drugs or radiotherapy.[@b11-ott-12-2215],[@b12-ott-12-2215]

*MGMT* promoter methylation is a particularly important molecular event in WHO III and IV tumors. *MGMT* is a repair transferase that transfers O6-methylguanine to guanine. *MGMT* promoter methylation is associated with temozolomide responses in high-grade gliomas.[@b13-ott-12-2215],[@b14-ott-12-2215]

However, despite the routine clinical characterization of basic mutations in CNS tumors, the full dynamics and characteristics of these mutations, for example, during disease progression, are unknown, despite possibly contributing to failure of targeted and non-targeted therapies. Even less is known about the clinical factors associated with mutations and their stability. *IDH1*/*2* mutations are driver mutations that are expected to change only rarely; 1p/19q co-deletions are early but secondary alterations might be expected to change by clonal selection a bit more frequently (though still rarely); whereas *MGMT* methylation status is an epigenetic alteration that can change very easily and has no bearing on tumor classification, despite serving as a prognostic marker. Although studying these disparate alterations together cannot be regarded as a biologically driven approach, their impact on prognosis and WHO classification prompted us to examine them in a single study.

We therefore studied *MGMT* promoter methylation, *IDH1*/*2* mutation status, and 1p/19q co-deletion in paired primary tumor and recurrence samples to examine the molecular dynamics of frequent alterations over the course of the disease in clinical practice.

Materials and methods
=====================

Patients and tissue collection
------------------------------

Four hundred and eighty-six consecutive glioma patients with 531 molecular diagnoses analyzed in the Department of Pathology, Laboratory of Clinical Genetics and Molecular Pathology, 10th Military Hospital between November 2015 and September 2018 were reviewed. The study was approved by the Nicolaus Copernicus University, Ludwik Rydygier Collegium Medicum institutional review board (number: KB 694/2018) and was conducted according to the principles of the Declaration of Helsinki. Patients who underwent biopsy at first and second surgeries were included. Patients provided written informed consent for every medical procedure analyzed in the study.

Tumor tissues were collected from both first and second surgeries of at least 2 months interval in 45 re-operations. In two patients, three surgeries were performed, in which case the first and last surgeries were analyzed. For each patient, the following clinical variables were defined: age, time interval between first and second surgeries (early, ≤12 months; late \>12 months), tumor location, recurrences in the same lobe or distant, and treatment between diagnosis and recurrence (irradiation or irradiation plus chemotherapy).

Methylated *MGMT*, 1p/19q co-deletion, *IDH1*/*IDH2* mutations, or *MGMT* methylation increasing at least by two categories (see MLPA section) was considered a favorable molecular profile, while a profile was considered unfavorable when none of the above was present, one favorable mutation was no longer present, or *MGMT* methylation decreased by least two categories.

Tumor samples and DNA extraction
--------------------------------

Tumor specimens were formalin-fixed and paraffin-embedded. All samples were classified by histopathological examination and graded according to WHO 2016 guidelines. DNA was extracted using the Maxwell 16 FFPE Plus LEV DNA Purification Kit and Maxwell 16 Instrument (Promega Corporation, Fitchburg, WI, USA). DNA samples were purified using the DNA Clean & Concentrator Kit (Zymo Research, Irvine, CA, USA). For multiplex ligation-dependent probe amplification (MLPA), DNA was isolated from the blood of healthy volunteers for use as controls.

MLPA
----

MLPA and the SALSA MLPA P088-C1 kit (MRC-Holland, Amsterdam, the Netherlands) were used to detect *IDH1* (R132H, R132C) and *IDH2* (R172K, R172M) mutations and to detect loss of 1p and 19q. Methylation-specific MLPA (MS-MLPA) and the SALSA MS-MLPA ME011-B3 kit were used to perform promoter methylation analysis.[@b15-ott-12-2215] Both MLPA and MS-MLPA assays were carried out by PCR according to the manufacturer's protocol using 50 ng of normal and tumor DNA. Reference samples were included in each experiment. The PCR, DNA denaturation, and ligation steps were performed according to the manufacturer's instructions. Amplified PCR products were separated by electrophoresis on an ABI PRISM 310 genetic analyzer (Thermo Fisher Scientific, Waltham, MA, USA) and, as an internal size standard, the LIZ-500 Genescan (Thermo Fisher Scientific) was used. Data were analyzed using the [MRC-Coffalyser.Net](http://MRC-Coffalyser.Net) (MRC-Holland). 1p/19q co-deletion by MLPA was defined as in Bienkowski et al,[@b16-ott-12-2215] which clearly separates the complete co-deletion from isolated segmental deletions and normal copy numbers. Complete co-deletion was defined when most loci within each chromosomal region (subtelomeric 1p, rest of 1p, 19q) are deleted (\<0.7), while isolated segmental deletion was defined when subtelomeric 1p (but not the rest of 1p) was significantly affected.

MS-MLPA is a semi-quantitative methylation profiling method. Methylation status was quantified by comparing *MGMT* probe relative peak area ratios in digested and undigested samples. Relative copy numbers were obtained by comparing *MGMT* probe relative peak area ratios with that obtained from a control sample. Methylation status was defined as absent or very low (0.00--0.25), low (0.25--0.50), moderate (0.50--0.75), or extensive (0.75).

Statistical analysis
--------------------

Patient characteristics were described with mean and standard deviations or medians and ranges for continuous variables and by frequencies for categorical variables compared with Fisher's exact test. Univariate and multivariate logistic regression was performed to evaluate the effects of clinical parameters on molecular changes. Analyses were performed using PQStat version 1.6.6.202. Two-tailed *P*-values \<0.05 were considered significant and *P*-values \<0.01 were considered highly significant.

Results
=======

The pathological and molecular characteristics of the entire study cohort are summarized in [Table 1](#t1-ott-12-2215){ref-type="table"}, and individual tumor details are provided in [Table S1](https://docs.google.com/document/d/e/2PACX-1vR05YopTMl9wmJJfrVmKx_4kaxgd-5_pIOHUJUNGiuMwDliMUCxXuu9l5G7vXsJjXx3b4G0JA25GeWb/pub). About 54% (n=264/486) of patients were male, and the average age was 47 years (range, 18--84 years); 53% (251/474) of gliomas were unmethylated or very low/low methylated, 19% (103/531) were 1p/19q co-deleted, 39% (207/531) had an *IDH1* mutation, and 2% (10/531) an *IDH2* mutation.

A second surgery was performed in 9% (45/486) of cases. No WHO I, 11% (16/150) WHO II, 6% (9/152) WHO III, and 10% (20/210) WHO IV underwent re-operation during the study period.

The clinical characteristics of patients undergoing double surgery are presented in [Table 2](#t2-ott-12-2215){ref-type="table"} and the molecular results in [Table 3](#t3-ott-12-2215){ref-type="table"}. There was no difference in the frequency of molecular alterations between the first and second surgeries ([Table 3](#t3-ott-12-2215){ref-type="table"}).

Changes in molecular profiles
-----------------------------

The molecular alterations in those patients undergoing second surgery are summarized in [Figure 1](#f1-ott-12-2215){ref-type="fig"}. Overall, the molecular results changed in 44% (20/45) of cases in the second surgery. Changes in methylation level were not regarded as significant in eight cases (only one level of difference, eg, from very low to low). *MGMT* methylation was the most frequently observed change. Changes in both the histological and molecular characteristics occurred in 18% of cases (8/45), a change in histology alone was noted in 5% (2/45) of cases, and a change in the molecular profile alone in 26% (12/45) of cases.

Detailed directions and frequencies of changes for each biomarker are presented in [Figure 2](#f2-ott-12-2215){ref-type="fig"}. While tumors did not change from non-co-deleted to co-deleted, 50% (4/8 patients) of cases lost co-deletion. In some cases, changes in co-deletion were equivocal but noted. There were also examples of loss of *IDH1* (one case) and *IDH2* mutations (one case) over the course of the disease. The first was in a man aged 39 years with fibrillary astrocy-toma containing an *IDH1* mutation and extensive *MGMT* methylation, which recurred 12 months after first surgery with transformation to anaplastic astrocytoma. *MGMT* methylation and *IDH1* mutation were not present in the recurrent tumor. In another case, *IDH2* was mutated in anaplastic oligoastrocytoma without grade transformation, with a concomitant decreased level of methylation and loss of co-deletion. Overall, 5% (2/45) of patients transitioned to a better prognostic type and 25% (11/45) of patients transitioned to a worse prognostic type.

Clinical variables and molecular changes
----------------------------------------

Molecular instability over time was not related to patient age (*P*=0.55) or sex (*P*=0.08), but was associated with tumor grade (*P*=0.0015). The highest percentage of changes in molecular characteristics was in grade III tumors, occurring in 89% (8/9) of cases ([Table 4](#t4-ott-12-2215){ref-type="table"} Section A). Grade IV tumors were generally stable (80%, 16/20), while 44% (7/16) of grade II tumors underwent significant molecular changes, a quarter of which had significant prognostic influence. Malignant transformation was observed in 15% of cases (7/45). There was no correlation between molecular instability and grade transformation. The highest percentage of molecular changes (67%, 6/9 cases) without grade transformation was in WHO III group ([Table 4](#t4-ott-12-2215){ref-type="table"} Section A). *MGMT* methylation level changed significantly more often in grade III tumors than other grades (*P*=0.0018, [Table 4](#t4-ott-12-2215){ref-type="table"} Section A).

There were no differences in general molecular stability between early and late recurrences. However, *IDH1* mutations were typical of late recurrences (*P*=0.008, [Table 4](#t4-ott-12-2215){ref-type="table"} Section B). There were no differences in molecular profile associated with age ([Table 4](#t4-ott-12-2215){ref-type="table"} Section C) or primary tumor location and recurrence site (local or distant) ([Table 4](#t4-ott-12-2215){ref-type="table"} Section D). However, these data are limited due to the presence of only five distant recurrences (stable profile in two cases and unstable in three cases).

Adjuvant radiotherapy alone but not radiochemotherapy was associated with molecular instability: almost 80% (11/14) of cases treated with radiotherapy had profile changes. Radiotherapy was associated with changes to a worse prognostic molecular profile (*P*=0.0058, [Table 4](#t4-ott-12-2215){ref-type="table"} Section E). Patients with grade II gliomas showed a trend toward significant changes after irradiation to a better prognostic profile (*P*=0.0481).

In multivariate logistic regression analyses including all parameters (age, tumor grade, time between first and second surgeries, recurrence location, radiotherapy, and chemotherapy), only radiotherapy was independently associated with changes in molecular profile between surgeries (OR 334 \[95% CI 2.2--50,098\], *P*=0.023; [Table 5](#t5-ott-12-2215){ref-type="table"}).

Discussion
==========

1p/19q co-deletion, *MGMT* promoter methylation, and *IDH1*/*2* mutation testing have gained importance in routine clinical decision-making in patients with CNS tumors.[@b17-ott-12-2215] While the value of these molecular markers at first diagnosis has been demonstrated,[@b5-ott-12-2215],[@b9-ott-12-2215],[@b14-ott-12-2215],[@b18-ott-12-2215] only a few studies have examined these biomarkers at the time of recurrence. Therefore, to our knowledge, this is one of the largest cohorts of gliomas analyzed with regard to changes in these biomarkers over the course of the disease. Consistent with data from whole-exome sequencing studies of astrocytic tumors,[@b19-ott-12-2215]--[@b22-ott-12-2215] the mutational profiles at recurrence often changed.

The MLPA assay used in our study is a relatively new and cost-effective method for the detection of multiple genetic alterations in tumor tissue in a single procedure.[@b16-ott-12-2215] MLPA has been shown to be reproducible and concordant with FISH or loss of heterozygosity assays for the presence or absence of the 1p/19q deletion.[@b23-ott-12-2215],[@b24-ott-12-2215] In a consecutive series of 165 diffuse gliomas tested in the clinical setting, MLPA analysis was shown to be accurate for the assessment of the most important molecular markers for diagnostic tumor typing and was recommended for routine diagnostic work-up.[@b16-ott-12-2215]

Identification of the 1p/19q allelic status in gliomas, primarily those with a major oligodendroglial component, has become an excellent molecular complement to tumor histology to identify tumors sensitive to chemotherapy. Although 1p/19q status is indicated in the routine clinical setting for prognostic assessment and aids in making therapeutic decisions, repeat 1p/19q testing of tumor recurrences is not recommended, as the deletion typically constitutes an early genetic event.[@b25-ott-12-2215] Our results, however, suggest that changes may occur over the course of the disease that might be clinically relevant, and the frequency of losing the 1p/19q co-deletion status has not been commonly reported.[@b19-ott-12-2215] Although 1p/19q co-deletion is an early tumorigenic event, *IDH1*/*2* mutations are thought to precede them.[@b6-ott-12-2215],[@b26-ott-12-2215]

Over 70% of anaplastic gliomas carry *IDH* mutations, with higher frequencies in oligodendroglial tumors.[@b9-ott-12-2215] *IDH1* alterations in high-grade tumors are known to be derived from earlier lesions.[@b9-ott-12-2215],[@b20-ott-12-2215] In most current published series, *IDH1* mutations were never lost during progression and remained clonal in all progressed tumors.[@b20-ott-12-2215]--[@b22-ott-12-2215] In one paper, *IDH* mutation status has been reported to change in a small subset of gliomas, most commonly due to the deletion of the mutant allele on chromosome 2 and, less commonly, amplification of the mutant allele in recurrent or post-therapy specimens.[@b27-ott-12-2215] Although rare, the mechanism for the deletion appears to be selective pressure on the tumor to no longer be dependent on the mutant IDH1/2 protein once additional alterations provide a growth advantage.

We observed significant changes in *IDH* during the course of disease in two cases, which were mutated to wild-type but not vice versa. A multiple stereotactic biopsy study of grade II and III gliomas revealed intratumoral homogeneity of *IDH1*,[@b28-ott-12-2215] suggesting that the differences observed here are unlikely to represent sampling of other parts of the same, incompletely resected tumor. However, other multiregional sampling analyses also identified a close correlation between regional heterogeneity and the history of clonal evolution that might account for our result.[@b22-ott-12-2215]

Grade III tumors were most often genetically unstable, and, when changes did occur, these were of adverse prognostic impact. Decreased *MGMT* promoter methylation was most frequent, *IDH1* and *IDH2* mutations were lost, and co-deletion 1p/19q decreased or was lost in 50% of cases at the time of recurrence. Systemic therapy may, therefore, be better administered at the time of primary diagnosis when the tumors are genetically favorable. It remains uncertain and of clinical trial interest of when to start treatment with alkylating agents.[@b29-ott-12-2215] Our results raise concerns about the "treat-the-recurrence" strategy due to the possible change to a favorable profile over time. This hypothesis is in line with EORTC trial results supporting the use of early adjuvant PCV chemotherapy in patients with co-deleted tumors rather than at progression.[@b4-ott-12-2215] Furthermore, these kinetics were not restricted to grade III tumors, since negative prognostic changes with respect to 1p/19 co-deletion were also found in grade II tumors. Grade IV tumors were relatively stable in terms of genetic alterations (80%), with methylated to no or low methylated status changes occurring in 15% of grade IV lesions.

We observed other molecular dynamics in low-grade gliomas with respect to *MGMT* methylation. The molecular phenotype changed from no or low methylated to high or very high methylated status, in line with the hypothesis that irradiation produces favorable genetic changes in grade II tumors. Therefore, our results support a strategy of irradiating unmethylated WHO grade II gliomas not only for therapy but also due to the favorable impact on genetic profile at recurrence that would introduce the possibility of effective salvage with temozolomide.

The potential influence of treatment on genetic stability has previously been discussed.[@b20-ott-12-2215],[@b30-ott-12-2215] Radiation exposure induces epigenetic effects in human cell lines,[@b31-ott-12-2215],[@b32-ott-12-2215] and treatment of breast cancer cells with ionizing radiation results in DNA methylation changes.[@b33-ott-12-2215] Alterations in DNA methylation may alter gene expression.[@b33-ott-12-2215] Our data provide supportive clinical evidence that tumor genetic profiles are changed by radiation, since radiotherapy was significantly associated with molecular alterations at second surgery in multivariate analysis. However, radiation was mostly given to patients with grade III tumors, and what factor has a stronger impact on molecular instability remains to be elucidated.

Genetic stability was not obviously correlated with early recurrence. This stable genetic profile has been noted elsewhere.[@b34-ott-12-2215] The direct influence of treatment on *MGMT* promoter methylation status and protein expression has been examined in glioblastoma U343 cells;[@b35-ott-12-2215] radiation, steroids, and temozolomide had no effect on *MGMT* promoter status. Another hypothesis is the existence of frequent spatial errors in radiation dose delivery that promote cellular clones are not altered by radiation. As highly infiltrative masses, glioblastomas are particularly susceptible to spatial errors during irradiation, which are common in MRI-based radiation therapy.[@b36-ott-12-2215],[@b37-ott-12-2215] In general, the worst molecular profiles were noted in grade III recurrences, suggesting that other molecular events may be important in these tumors, that is, no spatial error of target selection, but selective pressure of more aggressive cells epigenetically altered in response to radiation. In grade IV lesions, typical early recurrence of genetically the same tumors supports the concept of progression of the primary tumor due to ineffective treatment rather than true recurrence. Therefore, recurrent cells not changed by treatment could be recognized by genetic signature.

It is unclear whether all three alterations occurred in the same cell population or as a result of clonal expansion after treatment. Intratumoral heterogeneity, with distinct clones arising separately in different tumor areas and expansion of one clone due to alterations promoting survival or resistance to therapy, is often presented as the main reason for genetic changes over time.[@b6-ott-12-2215] Parkinson et al[@b38-ott-12-2215] studied intratumoral and between-treatment *MGMT* promoter methylation in ten glioblastoma multiforme patients and showed that differences between first and second surgeries occurred irrespective of primary tumor homogeneity. Conversely, another study observed only genetic discordance in cases with a primary GBM and heterogeneous *MGMT* methylation status, with possible subsequent subclonal expansion in the recurrence.[@b39-ott-12-2215] A recent retrospective study of *MGMT* methylation in GBM showed stability in 75% of cases.[@b34-ott-12-2215] However, while these results do not explain the nature of changes between GBM pairs, they are consistent with our findings that genetic alterations in WHO IV tumors are generally uncommon but when they do occur are unfavorable.

This study has some limitations. First, our methods are relatively simple and cannot provide deep knowledge about glio-magenesis from the whole genome perspective. Nevertheless, we analyzed and presented clinical data that are commonly used in practice. Second, the level of methylated *MGMT* and co-deletion may have been affected by the percentage of normal (unmethylated) tissue present in the sample. Moreover, whether very low *MGMT* methylation should be treated as methylated or unmethylated is currently unknown. However, we did not focus on the prognostic or predictive significance of the results of the assay, rather changes in the profile. To avoid observer bias, all measurements were blinded and verified in each case by the same medical geneticist and preselected by a pathologist to exclude inflammation or necrosis. While there are several assays for determining *IDH1*/*2* mutations, 1p/19q co-deletion, and *MGMT* promoter methylation, there is currently no accepted gold standard. The 1p/19q MLPA assessment may result in misclassification and overestimation of the rate of 1p/19q co-deleted tumors; however, the same method and threshold were used in both the examinations. In addition, the nomenclature of changing to either better or worse molecular profiles in the recurrent specimen may be misleading, since whether the molecular alterations at the time of recurrence are of prognostic significance is currently unknown. Our findings regarding the influence of adjuvant radiotherapy alone on molecular profiles were limited by the small number of low-grade gliomas and grade III gliomas treated with radiochemotherapy. We expect to see more patients with grade III tumors treated with radiochemotherapy in the future, which might shed further light on this observation. Finally, while the study size was relatively small, this represents the largest paired cohort published to date.

Conclusion
==========

Here we examined the results of the most common biomarkers tested in primary and recurrent gliomas in clinical practice. The status of the biomarkers changed during the course of the disease, most often *MGMT* methylation status. These changes in genetic profiles of gliomas were related to adjuvant treatment with radiotherapy alone, which might be important for individualized treatment planning over the disease course.
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![Summary of molecular changes in 45 patients undergoing double surgery. Changes in molecular profile were calculated as the percentage of patients with different molecular profiles at time of subsequent surgery out of 45 patients. Overall changes in molecular profile were noted when any change occurred within the molecular profile (but no significant methylation level changes). Detailed changes do not include non-significant *MGMT* methylation changes. Number of cases in brackets. ^\*^Change was regarded as significant when altered two levels up or down.](ott-12-2215Fig1){#f1-ott-12-2215}

![The directions and frequencies of changes for each biomarker. The frequencies presented in arrows represent the percentage of changes measured within patients with a particular biomarker, while overall frequency is the percentage of alterations measured within whole group undergoing double surgery. Transformations into methylated *MGMT*, 1p/19q co-deletion, *IDH1*/*IDH2* mutations, or *MGMT* methylation level altered two levels up were considered as change for a better molecular profile, while a profile was considered as transformation into a worse prognostic type when one of the above was no longer present or *MGMT* methylation decreased by least two categories.](ott-12-2215Fig2){#f2-ott-12-2215}

###### 

Pathological and molecular information of the entire study cohort

  Variables              N      \%
  ---------------------- ------ -------
  Sex                           
   Male                  264    54
   Female                222    46
  Age                           
   Mean                  47     
   Standard error        0, 6   
   Median                47     
   Mode                  40     
   Range                 66     
   Minimum               18     
   Maximum               84     
   CI (95%)              1, 2   
  WHO grade                     
   I                     9      1.73
   II                    150    28.79
   III                   152    29.17
   IV                    210    40.31
  *MGMT*                        
   Unmethylated          80     16.88
   Methylated            394    83.12
  Methylation level             
   Very low              50     12.69
   Low                   153    38.83
  Moderate               172    43.65
   Extensive             19     4.82
  Co-deletion (1p/19q)          
   Absent                425    80.49
   Present               103    19.51
  *IDH1* (R132H)                
   Absent                360    70.45
   Present               151    29.55
  *IDH1* (R132C)                
   Absent                396    88.00
   Present               54     12.00
  *IDH2* (R172K)                
   Absent                402    98.29
   Present               7      1.71
  *IDH2* (R172M)                
   Absent                402    99.02
   Present               4      0.98

###### 

Clinical variables of the study population undergoing surgery for recurrences

                                               No of patients   \%
  -------------------------------------------- ---------------- ----
  Age                                                           
   \>45 years                                  22               49
   ≤45 years                                   23               51
  Interval between 1st and 2nd surgeries                        
   Early recurrence                            31               69
   Late recurrence                             14               31
  Location of recurrence                                        
   Local recurrence                            40               89
   Distant recurrence                          5                11
  Treatment between first and second surgery                    
   No treatment                                11               24
   Radiation only                              14               31
   Radiochemotherapy                           20               44

###### 

The pathological and molecular characteristics of patients undergoing double surgery

                          First surgery   Second surgery        
  ----------------------- --------------- ---------------- ---- -------
  WHO grade                                                     
   II                     16              35.56            13   28.89
   III                    9               20.00            11   24.44
   IV                     20              44.44            21   46.67
   Fisher *P*             0.7968                                
  *MGMT* methylation                                            
   Unmethylated           15              33.33            18   40.00
   Methylated             30              66.67            27   60.00
   Fisher *P*             0.6621                                
  Methylation level                                             
   Very low               5               16.67            2    7.41
   Low                    7               23.33            8    29.63
   Moderate               15              50.00            17   62.96
   Extensive              3               10.00            0    0.00
   Fisher *P*             0.4191                                
  Co-deletion (1p/19q)                                          
   No                     37              82.22            41   91.11
   Yes                    8               17.78            4    8.89
   Fisher *P*             0.3529                                
  *IDH1* (R132H, R132C)                                         
  Normal                  26              57.78            27   60.00
  Mutated                 19              42.22            18   40.00
  Fisher *P*              0.3671                                
  *IDH2* (R172K, R172M)                                         
   Normal                 42              93.34            43   95.56
   Mutated                3               6.66             2    4.44
   Fisher *P*             0.4944                                

###### 

Changes in molecular results of paired primary and recurrent tumors according to clinical variables

  Section                              A            B            C        D        E                                                      
  ------------------------------------ ------------ ------------ -------- -------- ------------ ----- ----- ------- ----- ----- --------- -----
  Molecular profile                                                                                                                       
   Changed                             44%          **89%**      20%      35%      57%          36%   48%   40%     60%   27%   **79%**   25%
   *P*-value                           **0.0015**   0.2063       0.5499   0.6361   **0.0058**                                             
  Prognostic type                                                                                                                         
   Changed to worse                    19%          **56%**      15%      19%      36%          32%   17%   22.5%   40%   18%   **43%**   15%
   *P*-value                           0.0522       0.2692       0.2763   0.6762   **0.0481**                                             
  Grade and molecular transformation                                                                                                      
   Molecular only                      25%          **67%**      20%      26%      43%          23%   39%   27.5%   60%   9%    **64%**   20%
   *P*-value                           **0.0158**   0.2392       0.4583   0.5179   **0.0084**                                             
  Detailed molecular changes                                                                                                              
   *MGMT* level                        6%           **44%**      0%       10%      14%          14%   9%    13%     0%    0%    29%       5%
   *P*-value                           **0.0018**   0.6394       0.6652   1.0000   0.078                                                  
   *IDH1*                              25%          11%          5%       3%       **36%**      5%    22%   13%     20%   18%   21%       5%
   *P*-value                           0.2225       **0.0080**   0.1868   0.5287   0.2914                                                 
   *IDH2*                              0%           **33%**      0%       6%       7%           9%    4%    8%      0%    0%    **21%**   0%
   *P*-value                           **0.0059**   1.0000       0.6078   1.0000   **0.0373**                                             

**Note:** Bold data indicates statistical significance.

###### 

Multivariate logistic regression in the double surgery cohort

                                            *P*-value   OR             −95% CI      +95% CI
  ----------------------------------------- ----------- -------------- ------------ -----------------
  Age                                       0.7373      0.7119         0.0977       5.1853
  Grade                                     0.1643      0.1174         0.0057       2.4029
  Time between first and second surgeries   0.0933      0.2213         0.038        1.2878
  Recurrence location (local/distant)       0.4991      2.8349         0.1381       58.2001
  **Radiotherapy**                          **0.023**   **334.4177**   **2.2323**   **50,098.1418**
  Chemotherapy                              0.2242      0.1336         0.0052       3.4333

**Note:** Factor (radiotherapy) that statistically significant correlates with changes in molecular profile is provided in bold.
